Abstract. An optimization approach is derived from typical design problems of hybrid material structures, which provides the engineer with optimal designs. Complex geometries, different materials and manufacturing aspects are handled as design parameters using a genetic algorithm. To take qualitative information into account, fuzzy rule based systems are utilized in order to consider all relevant aspects in the optimization problem. This paper shows results for optimization tasks on component and structural level.
Introduction
Material hybrid structures and components extend the achievable operating range compared to single material designs with regard to functional, structural mechanic, thermal and economic requirements. Affordable manufacturing processes have increased the number of applications of metal matrix composites (MMC's) during the last years. Chemical and possible thermo-mechanical mismatches have to be considered in an optimal design. For example, the difference in the thermal expansion coefficients generates thermal stresses in the two material components. This results in a reduced mechanical load carrying capability if the volume ratio of the reinforcement exceeds a certain limit under a given temperature load.
In addition, the manufacturing process of the reinforced part has to be taken into account since this determines the placement of the reinforcing elements and therefore the achievable volume ratio [1] . This combination of influences leads to a complex engineering task. To provide the engineer with optimal designs, a multidisciplinary, multi-objective optimization approach generates a set of optimal solutions from which the preferred design can be chosen.
Two typical structural optimization design tasks will be presented. The first is the optimization of a reinforced, extruded profile in a cantilever configuration. The second is the optimization of a car space frame composed of such profiles. Not all manufacturing aspects of these examples are yet available as numerical or analytical models. Therefore the experience and knowledge of the respective manufacturing domain expert is utilized to build fuzzy models in order to consider these influences at least in a coarse way. The overall optimization approach is described focusing on the modeling of qualitative and fuzzy knowledge. The results of the optimization tasks are presented and the performance of the approach is discussed.
Optimization of Hybrid Material Components and Structures
The first optimization problem considers an extruded aluminum or magnesium profile, which is reinforced during the extrusion process with steel wires or carbon fiber ropes ( Fig. 1 left side) . The goals are to minimize the weight and the deflection of a 1000 mm long, clamped -free, I-section beam under structural and thermal load. These are conflicting goals, in other words: Higher mass results in smaller deflection. The design variables are the geometric properties of the cross section, the number, size and material of the reinforcing elements and the matrix material. As a structural constraint, a sufficient margin of safety against failure has to be ensured. The manufacturing effort should also be restricted. In the example application, this effort is assumed to be a function of the wall thickness ratio t f /t w , the circumscribed diameter d B and the number of reinforcing elements.
Space frames are common concepts for vehicle structures and they are used, for example, in sports and micro cars, ultra light helicopters and aircraft. The main components are the beam profiles (straight as well as curved) and the joints. The complete space frame of a micro car (Fig. 1 right hand side) is optimized with regard to the structural mass and the torsional stiffness. A lower structural mass allows additional safety equipment because the overall weight of the car is restricted. The handling and the comfort of the car, however, is enhanced by a higher torsional stiffness (typical values for today's cars are in the range of 5000 Nm/° to 15000 Nm/°).
The space frame consists of forty hollow profiles of different cross sections, most of them following a 3d contour. To meet the strict mass restriction without a significant loss in torsional stiffness reinforced profiles and their manufacturing aspects should be considered. The aim is to provide the engineer with information about the most effective application of reinforced profiles and the optimal material combination(s).
Manufacturing Aspects on Component and Structural Level
Basically each manufacturing step determines the structural properties of the corresponding part. In the presented cases the primary forming process -extrusion molding -has the greatest influence on the design. Generally the manufacturing aspects can be classified into two groups.
Geometrical restrictions limit the range of geometric design parameters. Some dimensions of the construction also depend on each other. An example is displayed in Fig. 2 . The minimum wall thickness for an extruded profile without reinforcements is a function of the circumscribed diameter d B (see Fig. 1 for definition) and the matrix material. Reinforcements increase the minimum wall thickness because the reinforcing elements have to be pulled by the matrix material during the extrusion process.
Some geometric restrictions and dependencies are well known and can be found in the literature whereas others have not been described explicitly. For the influence of the reinforcing elements, neither enough test data is available nor does the simulation model developed in a parallel project provide enough parametric information to build corresponding models [2] . Therefore experienced extrusion-molding engineers are used to establish the necessary knowledge base for fuzzy models. The second class of manufacturing aspects concerns the manufacturing effort. For structures, the manufacturing effort of all components has to be taken into account. Therefore rough cost estimations are made, approximating the estimated process time for the manufacturing steps of each part and additional effort such as tooling cost. For example, the extrusion speed for an aluminum profile is about twice the extrusion speed of a magnesium profile, which influences the operating time and therefore the operating cost of the extrusion press. Also, the so-called down time (tool and material replacement) must be considered in certain cases. For the estimation of the manufacturing effort of structures not only the primary forming process is crucial, but also the following manufacturing steps. In the case of reinforced profiles, cutting and milling processes are important because tool wear is much higher for hybrid materials [3] . These manufacturing aspects can change the optimal designs drastically [4] .
Because of this complex interaction between structural mechanics and manufacturing, the presented design problems are formulated as nonlinear optimization problems, which contain discrete design variables, multiple objectives and fuzzy influences.
Mathematical Design Optimization Formulation
The general mathematical formulation for a restricted optimization with several goals [5] is given in (1) - (5):
with:
subject to:
The functions f i (x) are called objective functions. Conventionally different objectives are combined into a scalar measure with certain methods, e.g. the weighted sum approach, turning the problem into a single objective task. In this case, the decision about the relative importance of each objective is taken a priori without any knowledge about the tradeoff between the different objectives and only a single solution is attained. The goal of a multi-objective optimization is to generate a set of optimal solutions (here optimal designs). The non-dominated set of the entire feasible search space is the Pareto-optimal set. The Pareto-optimal set in the objective space is called the Pareto-optimal front. These solutions have in common that no other solutions exist in the design space that are simultaneously better in all objectives. Only by having the Pareto front at hand the interactions between the different objectives become apparent to the decision maker, enabling better design decisions. For the vehicle space frame the objectives are to minimize the mass and maximize the torsional stiffness.
The geometric parameters, the wall thicknesses of the cross section and the material combination are the design variables x for the space frame profiles. Aluminum and magnesium are considered as possible matrix materials, steel wires and carbon fiber ropes as reinforcing elements. The volume ratio of the reinforcement is between 0 and 30 percent, which is assumed to be the maximum volume ratio achievable with the described extrusion molding process. The forty profiles are subdivided into four groups with reference to functional considerations (floor pan longitudinal and cross beams, pillars and roof beams). Each profile in one group has the same design, which leads to 16 continuous and 5 discrete design parameters.
Constraints, g(x) and h(x), arise from the manufacturing effort, the material cost and geometric restrictions of the extrusion molding process. In this optimization, no additional restrictions (stress, eigenfrequency…) are introduced in order to ease interpretation of the results with regard to the manufacturing aspects. To get further information on the influence of the manufacturing effort, the optimization is repeated with increasing restriction on this constraint, leading do different Pareto fronts.
Integration of the Different Disciplines in the System Equations
The models which relate the design variables to the relevant system behavior (structural, thermal …) are called system equations. Depending on the relevant system behavior, different models can be used such as finite element models (FEM) for structural, dynamic and crash analyses, computer aided design (CAD) models for the geometric representation of the structure, center of gravity and clash computation [6] or detailed numerical simulations of manufacturing processes. Often results from theses models or real test data are approximated in order to reduce the computation time (the system equations have to be computed repeatedly during the optimization run). At the Institute of Lightweight Structures response surface approximation methods are utilized for this task [7] .
The properties and behavior of the cantilever profile are modeled with simple analytical equations i.e. the material properties are calculated with the rule-of-mixture, which shows good correlation with test data of a reinforced tensile specimen.
Complex structures like the space frame are designed in parametric CAD programs. The 3d contour lines of the space frame are created in CATIA V5 and they are exported to IGES files (Initial Graphics Exchange Specification), which can be interpreted in the FEM tool ANSYS. In ANSYS, the structural behavior is simulated using beam elements which support cross section data.
The models described above, such as detailed manufacturing effort estimations, are not always available in time. In order to consider all relevant influences on a design, at least in a roughly and approximated way, the experience, knowledge and forecasts of the respective domain expert are the only source of information. This knowledge is qualitative and fuzzy, but it can be utilized to formulate parameterized coherences. The transformation into mathematical models is done with the help of fuzzy rule based systems.
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Modeling of Qualitative and Fuzzy Knowledge with Fuzzy Rule Based Systems
To integrate fuzzy and uncertain information at least in a roughly estimated way Hajela suggests the use of fuzzy models to utilize expert knowledge [8] . Fuzzy logic provides the basics for fuzzy modeling and it was introduced as a method of formally describing linguistic information. So-called fuzzy rule based systems (FRBS) have the ability to model complex behavior. The most important task is to build the knowledge base, which includes the j rules describing the relationship between inputs and outputs. The framework for the problem considered here is a system with n inputs [x 1 ,…, x n ] and one output y. These rules Rj have the following structure:
R j : if x j1 is A j1 and x j2 is A j2 and ... and x jn is A jn then y j is B j .
where x j1 ,…, x jn ∈ [x 1 ,…, x n ] and A ji , B j are fuzzy sets on the respective domains of the variables. The degree to which an input or output belongs to a fuzzy set is defined by a membership value between zero and one. A membership function µ A associated with a given fuzzy set maps a value to its appropriate membership value. Gaussian, triangle, trapezoidal and monotonically in-/decreasing membership functions are used. In fuzzy logic, a certain crisp value does not belong to one set or another but can belong partly to different sets. For example, a profile with a length of 1250 mm would have a 0.5 degree of membership in the "short" set and a 0.5 degree of membership in the "medium" set in Fig. 3 on the left side.
The following steps are necessary to transform linguistic information into a mathematical model [9] . This is done together with the knowledge carrier:
-identify the input-and output variables and their respective domains -define the fuzzy membership functions for each input and output variable to cover the respective domains -transform the description of the system behavior into fuzzy rules stating the relations between the variables -evaluation of the model For aluminum a model for the estimated extrusion molding time (0-10 minutes; fuzzy sets: very short time, short time, medium, long time, very long time) is generated with the two inputs "length of profile" (0-3500 mm; fuzzy sets: very short, short, medium, long, very long) and "cross section area" (0-5000 mm²; fuzzy sets: very small, small, medium, big, very big). For constant extrusion molding parameters the manufacturing time for a profile increases with increasing length and cross section. The billet refill must also be taken into account as downtime, this occurs more often for long and big profiles. The resulting output is shown in Fig. 3 on the right side. For the I-section beam the geometric dependency between the circumscribed diameter, the material and the minimum wall thickness is modeled as shown in Fig. 2 . The ratio between web and flange thickness and the number of reinforcing elements are input parameters for the manufacturing effort model for extrusion molding. The output of this model is a nondimensional effort value between zero (very low manufacturing effort) and one (high manufacturing effort).
The same models are used for the description of the geometric manufacturing aspects of the space frame. Effort estimations are based on manufacturing time approximations of four manufacturing steps. Altogether seven fuzzy rule based system models are utilized.
To solve the described optimization problems an optimization system has been established at the Institute of Lightweight Structures, which will be presented in the following section.
Main Elements of the Optimization Approach
The optimization system is composed of the following main elements:
-an application management system (MOSES: Multidisciplinary Optimization of Structures and Electro-mechanical Systems), guiding the automated conceptual design process, maintaining the optimization database and controlling the execution of the different software tools, as well as the parallel software execution on a computer cluster.
-the genetic optimization algorithm GAME (Genetic Algorithm for Multicriteria Engineering) capable of handling disjunctive and "rugged" design spaces (Fig. 4, [6] ).
-a CAD tool (CATIA V5, Pro/Engineer) for appropriate geometrical description, representation and parameterization.
-the parameterized simulation models, including closed form solutions, response surface approximations, fuzzy logic models and finite element and/or finite difference methods. The genetic algorithm GAME offers the possibility to provide a so-called Pareto front of optimal solutions for multi criteria problems to the engineer from which he can choose the preferred design without prior weighting of the optimization goals. A drawback of genetic algorithms is their high number of function evaluations. Especially when close to the constraint limits, these evaluations might quite often belong to infeasible designs. Such problems have been efficiently addressed by parallelizing the function evaluation (i.e. finite element computation) on a Linux cluster. The utilization of the information at hand for each design during the optimization run with the help of response surface functionalities increases the computational efficiency further.
For the presented examples, the population size is between 100 and 200 individuals, the number of children is twice the population size. The number of generations is limited to 35, no other stop criteria is used. The possibility of mutation is high with linearly decreasing standard deviations for the design variables. The possibility of crossover is small and remainder sampling is used for the parent selection process.
Results of the I-Section Profile Optimization
In Fig. 5 three Pareto fronts (set of all optimal compromises between conflicting objectives) for different optimizations with altering manufacturing effort restrictions are shown. Each point is an optimal design, which means, that no design with a lower mass can be found for a given deformation. The 'ultimate' design would be placed at the lower left corner of the diagram. If high manufacturing effort is tolerated (, in Fig. 5 ) aluminum profiles with carbon fiber reinforcements are optimal (material costs are neglected). Parts with less then 2 kg mass can be achieved with magnesium -carbon fiber combinations. Four to six reinforcing elements are located in the flanges, the web and flange thicknesses are quite different (Fig. 5 a) . With higher restrictions on the manufacturing effort (},z in Fig. 5 ) less reinforcing elements are used and the web thickness is four times higher than before (Fig. 5 b) . With very strict restrictions on the manufacturing effort (× and + in Fig. 5 ) no reinforcement can be used and the web and flange have the same thickness (Fig. 5 c) . For the same deformation of ~16 mm the three designs have weights of 2.8 kg (a), 3.2 kg (b) and 4.1 kg (c). 
Results of the Space Frame Optimization
For the car space frame, multiple optimization runs were performed with different manufacturing effort restriction settings to determine the manufacturing effort influence on the optimal design. The results are plotted in Fig. 6 in the interesting range for micro cars. First, the manufacturing restrictions are neglected (}), then only the geometric manufacturing restrictions are added () and finally the manufacturing effort restriction is introduced (). The 'ultimate' design would be located in the lower right corner in this diagram (high stiffness with low mass).
For the first run (}), most designs have magnesium profiles with a high carbon fiber volume ratio (≥25%). The mass is nearly doubled by introducing the geometric manufacturing constraints (). This is mainly caused by much higher wall thicknesses for reinforced, extruded profiles and the limitation of the maximum dimensions of the rectangular cross sections (d B !). Between the optimization with geometric manufacturing constraints () and the optimization with additional effort restrictions () relatively small differences can be seen for the goals, but the high percentage of magnesium profiles shifts to an even distribution for both matrix materials. Aluminum profiles can be manufactured with thinner wall thicknesses for the same outer dimensions and therefore the increase in mass is very small. Simultaneously the average volume ratio for carbon fibers (steel wires are ruled out for nearly every design) decreases. This affects the manufacturing effort for extrusion molding and machining positively. Table 1 : Material distribution of floor pan profiles and mean volume ratio of reinforced profiles
In Table 1 the averaged material distribution of the floor pan profiles is shown. The absence of steel reinforced profiles is the result of two circumstances. First of all, no stress related restrictions were considered so the increased strength of reinforced profiles has no advantage. Only the increase n o g e o m e tr ic o r e ff o rt re s tr ic ti o n s g e o m e t r i c r e s t r i c t i o n s g e o m e t r i c a n d e f f o r t r e s t r i c t i o n s in stiffness together with the minimization of mass is important. Secondly, the higher material price of carbon did not provide a strong enough advantage for steel wires. With further increasing manufacturing effort restrictions (not displayed in Fig. 6 ), it is better to use magnesium and aluminum profiles without reinforcement in one structure than to switch to an aluminum/carbon fiber combination for the whole space frame. The geometric dimensions of the profiles also change and provide insight into optimal design strategies.
The influence of the manufacturing constraints (geometric as well as effort) on the optimal designs is complex when they are all taken into account together. However, they can be described, or at least approximated with relatively few and easy to build fuzzy models. The result of the optimization is also interesting for the manufacturing processes. For example, the optimal designs depend highly on the minimum wall thicknesses for reinforced profiles. With an optimization introducing a 'desirable' minimum wall thickness, the potential gain from such designs should be communicated to the extrusion molding expert and possible research directions can be identified.
Conclusions
The combination of relatively cheap metal matrix materials with high performance reinforcing materials in hybrid structural members will change design philosophies in the next years. This development is enhanced by the adaptation of known manufacturing processes such as extrusion molding to produce reinforced parts with little additional effort.
To utilize the full potential of such components and structures, the basic design has to consider the possible chemical and thermo-mechanical incompatibilities, restrictions arising from the manufacturing processes itself (limiting geometric influences, but also consideration of manufacturing effort) and structural requirements. The presented optimization approach efficiently solves these problems and provides the engineer with optimal solutions. Fuzzy rule based systems are used to model qualitative knowledge in order to consider all important aspects even in early design stages, when no, or only few test and simulation data are available. They can be integrated into the optimization process like any other model and replaced if more accurate models become available. A limitation of the fuzzy rule based approach is the restricted complexity of the approximation models. The number of inputs for each model has to be small in order to evaluate the model output using human judgment.
The presented optimization problems show the potential of the utilized methods, clearly indicating the necessity to include the manufacturing aspects.
